Purpose: Kr€ uppel-like factor 4 (KLF4) is a transcription factor and putative tumor suppressor. However, little is known about its effect on aerobic glycolysis in pancreatic tumors. Therefore, we investigated the clinical significance, biologic effects, and mechanisms of dysregulated KLF4 signaling in aerobic glycolysis in pancreatic cancer cells.
Introduction
Pancreatic cancer is the fourth leading cause of cancerrelated deaths in industrialized countries, with a 5-year survival rate of 6% in all patients. In 2012, physicians diagnosed 43,920 new cases of this cancer, and 37,390 patients died of it in the United States (1) . Although surgery offers the best chance for a cure of pancreatic cancer, less than 20% of patients are eligible for potentially curative resection, as most cases have already spread locally or to distant organs at diagnosis precluding resection (2) . The disappointing survival rates for pancreatic cancer even after margin-negative pancreatectomy indicate the aggressive nature of this disease. Therefore, a better understanding of the molecular mechanisms underlying pancreatic cancer initiation and progression is urgently needed (3, 4) .
An increase in aerobic glycolysis, which is the continuous conversion of glucose to lactate in the presence of oxygen (Warburg effect) , is a distinctive hallmark of solid tumors, including pancreatic cancer (5, 6) . Because it is highly associated with increased progression and metastasis of cancer, aerobic glycolysis is considered a metabolic signature for invasive cancer (7, 8) . Enzymatically functional lactate dehydrogenase (LDH) consists of 4 subunits grouped into 2 types: M (muscle-type, LDHA gene product) and H (heart-type, LDHB gene product). Five LDH isozymes have different substrate reactivity as a result of the 5 combinations of the 2 types of LDH subunits: LDH1 (H4), LDH2 (MH3), LDH3 (M2H2), LDH4 (M3H), and LDH5 (M4; 9). LDH5 in particular effectively catalyzes the conversion of pyruvate to lactate and is linked with metastatic cancer (10, 11) . Therefore, regulation of expression of LDH, especially the LDHA subunit, plays a key role in aerobic glycolysis. This altered metabolism is maintained in cultured cells derived from pancreatic tumors when cultivated under normoxic conditions. This indicates that aerobic glycolysis is not just transiently produced by the tumor microenvironment in vivo but also may be constitutively upregulated via stable genetic or epigenetic changes (6, 7) .
Kr€ uppel-like factor 4 (KLF4) is a zinc-finger transcription factor, and KLF4 mRNA expression is found primarily in postmitotic, terminally differentiated epithelial cells in organs such as the skin and lungs and those in the gastrointestinal tract (12, 13) . Authors have described accumulating clinical, experimental, and mechanistic evidence that KLF4 is a potential tumor suppressor in patients with various cancers, including pancreatic cancer (14) (15) (16) (17) . However, the precise role and underlying signaling cascade of KLF4 in aerobic glycolysis in pancreatic tumors remain unclear.
In this study, we sought to determine the roles of regulation of KLF4 expression in aerobic glycolysis in pancreatic cancer cells, the effect of this regulation on aerobic glycolysis in these cells, and the underlying molecular mechanisms. We discovered that the novel KLF4/LDHA signaling pathway critically regulated this aerobic glycolysis.
Materials and Methods

Data mining
NCBI Gene Omnibus database provides insight into the biochemical function of dysregulated of KLF4. GSE21768 investigated the changes in gene expression of the KLF4-null mouse embryonic fibroblasts (MEFs). GSE3113 analyzed the changes in gene expression when RKO colon cancer cell line was treated for up to 24 hours with ponasterone A to induce expression of KLF4. Processing of gene expression data was according to the database's guideline. In GSE21768 and GSE3113, the values of logFC represent the glycolysis-related genes' mRNA expression in KLF4-induced cells/KLF4-null MEFs versus in the control cells. The positive value of logFC means upregulation of the gene expression in KLF4-induced cells/KLF4-null MEFs than in control cells. Conversely, the negative value of logFC means downregulation of the gene expression in KLF4-induced cells/KLF4-null MEFs in a comparison with that in corresponding control cells. Statistical significance was set at P < 0.05.
Cell lines and culture conditions
The human pancreatic adenocarcinoma cell lines PANC-1, PAU8902, AsPC-1, BxPC-3, and MiaPaCa-2 were purchased from the American Type Culture Collection. The pancreatic cancer cell line MDA Panc-28 was a gift from Dr. P.J. Chiao (The University of Texas MD Anderson Cancer Center). The human pancreatic adenocarcinoma cell line FG was obtained from Michael P. Vezeridis (The Warren Alpert Medical School of Brown University; ref. 18 ). All of these cell lines were maintained in plastic flasks as adherent monolayers in Eagle's minimal essential medium supplemented with 10% fetal bovine serum, sodium pyruvate, nonessential amino acids, L-glutamine, and a vitamin solution (Flow Laboratories). The cell lines obtained directly from the American Type Culture Collection, which performs cell line characterization or authentication using short tandem repeat profiling, and passaged in our laboratory fewer than 6 months after receipt.
Human tissue specimens and immunohistochemical analysis
Expression of KLF4, LDHA, and LDHB was analyzed using tissue microarrays (TMA; US Biomax) containing both human pancreatic tumor specimens and normal pancreatic tissue specimens (Supplementary Table S1 ). Use of the tissue specimens was approved by the MD Anderson Institutional Review Board. Standard immunohistochemical staining was performed using anti-KLF4 (Santa Cruz Biotechnology), anti-LDHA (Epitomics), and anti-LDHB (Epitomics) antibodies. The staining results were scored by 2 investigators blinded to the clinical data as described previously (19) .
Measurement of intracellular glucose utilization, LDH activity, and lactate concentration in a culture medium
To estimate the intracellular glucose utilization, LDH activity, and lactate concentration in pancreatic cancer cells, a Glucose Colorimetric Assay Kit II (BioVision), Lactate Dehydrogenase Activity Assay Kit (Sigma-Aldrich), and Lactate Assay Kit (Sigma-Aldrich) were used according to the manufacturer's protocols. The glucose utilization was estimated using a standard glucose calibration curve prepared under the same condition and reported in micrograms per microliter. The LDH activity was measured by comparing the initial rate with a calibration curve for a known concentration of standard LDH created at the same time. The LDH activity was reported in milliunits per milliliter. The lactate concentration was estimated using a standard lactate calibration curve prepared under the same condition and reported in nanograms per microliter.
Translational Relevance
We used a pancreatic tumor tissue microarray, molecular biology, and animal models to evaluate the inactivation and function of the Kr€ uppel-like factor 4 (KLF4)/ lactate dehydrogenase A (LDHA) pathway in pancreatic cancer cells. Our clinical and mechanistic findings indicated that LDHA is a direct transcriptional target of KLF4 and that dysregulation of KLF4 expression, which occurs frequently, leads to aberrant LDHA expression. Moreover, KLF4 negatively regulated aerobic glycolysis in and growth of pancreatic cancer cells, suggesting a novel molecular basis for the critical role of KLF4 inactivation in pancreatic tumor metabolism. It also suggests that dysregulated KLF4/LDHA signaling is a promising new molecular target for designing novel preventive and/or therapeutic strategies to control this malignancy. Therefore, our findings may have a major effect on clinical management of pancreatic cancer.
Reverse transcription-polymerase chain reaction
Total RNA extraction from pancreatic tumor cells was performed using the TRizol reagent (Invitrogen). Next, 2 mg of total RNA was reverse transcribed using a First-Strand cDNA Synthesis Kit (Promega) to synthesize cDNA samples. Subsequently, 2 mL of cDNA products was subjected to polymerase chain reaction (PCR) amplification with Taq DNA polymerase (Qiagen) using a thermal cycler with the following primers: KLF4, sense strand 5 0 -cccacatgaagcgacttccc-3 0 and antisense strand 5 0 -caggtccaggagatcgttgaa-3 0 ; LDHA, sense strand 5 0 -ttgacctacgtggcttggaag-3 0 and antisense strand 5 0 -ggtaacggaatcgggctgaat-3 0 ; and a-tubulin, sense strand 5 0 -gcagccaacaactatgcccg-3 0 and antisense strand 5 0 -cttccgtatgcggtccagca-3 0 . The PCR products were loaded onto 2% agarose gels and visualized using ethidium bromide staining under ultraviolet light.
Western blot analysis
Standard Western blotting was carried out using whole-cell protein lysates and primary antibodies against KLF4 (Santa Cruz Biotechnology) and LDHA (Epitomics) and a secondary antibody (anti-rabbit IgG; Santa Cruz Biotechnology). Equal protein sample loading was monitored using an antia-tubulin antibody (Santa Cruz Biotechnology).
Transient transfection of pancreatic cancer cells
For overexpression of KLF4 in PANC-1 cells, they were transduced with adenoviral KLF4 (Ad-KLF4) or adenoviral enhanced green fluorescent protein (EFGP) as described previously (14) . To inhibit KLF4 expression in BxPC-3 cells, they were transfected with a pool of KLF4 small interfering RNA (siRNA) oligonucleotides or control siRNA oligonucleotides (Santa Cruz Biotechnology; 50 nmol/L). For overexpression of KLF4 and LDHA in PANC-1 cells, the cells were transduced with Ad-KLF4 and pLDHA expression vector (OriGene). LDH inhibitor oxamate sodium (Oxa) with a concentration of 20 mmol/L was added into the BxPC-3 cells transfected with KLF4 siRNA for further rescue experiments. Cells treated with oligofectamine (Life Technologies) alone were included as mock transfection controls.
Construction of LDHA promoter reporter plasmids and mutagenesis A 1.48-kb fragment containing LDHA 5 0 sequences from À1330 to þ150 bp relative to the transcription initiation site was subcloned into the pGL3-basic vector (Promega). The resulting full-length reporter plasmid, which contained multiple KLF4-binding sites, was designated pLDHA1480. Deletion mutation reporters pLDHA1031 and pLDHA493 for this plasmid were then generated from the pLDHA1480. All constructs were verified by sequencing the inserts and flanking regions of the plasmids.
Measurement of promoter reporter activity by using dual luciferase assay
Pancreatic cancer cells were transfected with the indicated LDHA promoter reporters, siRNAs, or specific gene expression plasmids. The LDHA promoter activity in these cells was normalized by cotransfecting a b-actin/Renilla luciferase reporter containing a full-length Renilla luciferase gene (20) . The luciferase activity in the cells was quantified using a dual luciferase assay system (Promega) 24 hours after transfection (21) .
Chromatin immunoprecipitation assay
Pancreatic tumor cells (2 Â 10 6 ) were prepared for a chromatin immunoprecipitation (ChIP) assay using a ChIP Assay Kit (Millipore) according to the manufacturer's protocol. The resulting precipitated DNA samples were analyzed using PCR to amplify a 207-bp region of the LDHA promoter with the primers 5 0 -caagccactgacagttcttg-3 0 (sense) and 5 0 -acctaagtcgagtgacctcc-3 0 (antisense) and a 306-bp region of the LDHA promoter with the primers 5 0 -gtgctattttggagctgaggtt-3 0 (sense) and 5 0 -agcccttgagtatgccaaaat-3 0 (antisense). The PCR products were resolved electrophoretically on a 2% agarose gel and visualized using ethidium bromide staining.
In vitro cell growth assay
PANC-1 cells were transduced with Ad-KLF4 or with Ad-KLF4 plus pLDHA, and BxPC-3 cells were treated with siKLF4 or with siKLF4 plus 20 mmol/L oxamate for 48 hours. A total of 5,000 cells/well in 100 mL medium from each treatment were plated in 96-well plates. After 24 hours incubation, viable cells were determined by standard MTT assay.
Animal experiments
Female pathogen-free athymic nude mice were purchased from the National Cancer Institute. The animals were maintained in facilities approved by the Association for Assessment and Accreditation of Laboratory Animal Care International in accordance with the current regulations and standards of the U.S. Department of Agriculture and U.S. Department of Health and Human Services. Pancreatic tumor cells (1 Â 10 6 ) in 0.1 mL of Hank's balanced salt solution were injected subcutaneously into the right scapular region of each mouse. The tumor-bearing mice were killed when they became moribund or on day 35 after inoculation, and their tumors were removed and weighed.
Statistical analysis
The significance of the patient specimen data was determined using the Pearson correlation coefficient. The significance of the in vitro and in vivo data was determined using the Student t test (2-tailed), Mann-Whitney U test (2-tailed), or one-way analysis of variance. P values less than 0.05 were considered significant. The SPSS software program (version 17.0; IBM Corporation) was used for statistical analysis.
Results
Dysregulated KLF4 impacts the expression of multiple glycolysis-related genes
To investigate whether dysregulated KLF4 could impact the expression of glycolysis-related genes, we analyzed the glycolysis-related gene expression data that were deposited in the NCBI Gene Omnibus database (KLF4 null MEFs: GSE21768; KLF4 induced: GSE3113). The expression levels of many glycolysis-related genes were altered upon the alterations of KLF4 expression. Among all the expression alterations of glycolysis-related genes in these 2 databases, PFKP, PKM2, and LDHA were upregulated in KLF4-null MEFs cells whereas downregulated in KLF4-induced RKO cells (Supplementary Tables S2 and S3 ). This initial data mining study indicated that KLF4 play an important role in glycolysis. Given that LDHA was the most altered genes upon the regulation of KLF4, we chose LDHA as the target gene and try to investigate whether KLF4-LDHA signaling pathway could impact glycolysis in pancreatic cancer.
Direct association of LDHA but not LDHB overexpression with clinicopathologic features of pancreatic cancer
We first investigated the expression of LDHA and LDHB in the 70 primary pancreatic tumor and 10 normal pancreatic tissue specimens in the TMA. We observed LDHApositive staining in the cytoplasm of the tumor cells but LDHA-negative or weakly LDHA-positive staining in the cytoplasm of normal pancreatic cells. In contrast, we observed LDHB-negative staining in the cytoplasm of tumor cells but weakly LDHB-positive or LDHB-positive staining in the cytoplasm of normal pancreatic cells ( Supplementary   Fig. S1 ). LDHA expression was positively correlated with disease stage, indicating that LDHA expression was upregulated in late-stage pancreatic tumors. This association between stage I and II versus stage III and IV tumors was significant (P < 0.001; Fig. 1A and Supplementary Table S4) . Moreover, increased LDHA expression correlated with decreased tumor differentiation (P ¼ 0.008; Fig. 1B Table S5 ). These findings indicated that LDHA but not LDHB overexpression plays a critical role in pancreatic cancer development and progression.
Decreased KLF4 expression and its direct association with clinicopathologic features of pancreatic cancer
We further evaluated the expression of KLF4 protein in the TMA specimens. Typically, we observed KLF4-negative or weakly KLF4-positive staining in the tumor cells and KLF4-positive staining in the normal pancreatic cells (Supplementary Fig. S1 ). Furthermore, we analyzed the relationship between clinicopathologic features and KLF4 expression in the pancreatic cancer cases. We found that KLF4 expression was negatively correlated with disease stage, demonstrating that KLF4 expression was downregulated in late-stage tumors. This association between stage I and II versus stage III and IV tumors was significant (P < 0.001; Table S6 ). Moreover, decreased KLF4 expression correlated with decreased tumor differentiation (P ¼ 0.004; Supplementary Fig. S3 and Table S6 ). These findings strongly indicated that loss of KLF4 expression plays a critical role in pancreatic cancer development and progression and is a valuable biomarker for this disease.
Association of decreased KLF4 expression with LDHA overexpression in pancreatic cancer cells
Given that KLF4 expression loss and LDHA overexpression are closely related to the clinicopathologic features of patients with pancreatic cancer, we sought to evaluate the relationship between KLF4 expression and LDHA expression in pancreatic cancer cells. First, we analyzed the expression of KLF4 and LDHA in the TMA specimens ( Fig. 2A) . KLF4 expression was negatively correlated with LDHA expression at a statistically significant level (r ¼ À0.557, P < 0.001; Fig. 2B ). Consistently, expression of KLF4 was negatively correlated with expression of LDHA in pancreatic cancer cell lines (Fig. 2C) . These data were clinical evidence that KLF4 inactivation is associated with increased LDHA expression.
Effects of altered KLF4 expression on aerobic glycolysis and growth in pancreatic cancer cells in vitro
To determine the effect of altered KLF4 expression on aerobic glycolysis in and growth of pancreatic cancer cells, we transfected PANC-1 and BxPC-3 cells with Ad-KLF4 or with Ad-KLF4 plus pLDHA expression vector; or treated with KLF4 siRNA or with KLF4 siRNA plus oxamate sodium, respectively, for 48 hours. We calculated the glucose utilization, LDH activity, lactate concentrations, and MTT assay of the treated cells. Restored KLF4 expression strongly decreased the glucose utilization, LDH activity, lactate concentrations in, and growth of PANC-1 cells, whereas this inhibitory effect was attenuated by overexpression of LDHA ( Fig. 3A and Supplementary Fig. S4 ). Downregulation of KLF4 expression increased the glucose utilization, LDH activity, lactate concentrations in, and growth of BxPC-3 cells. Furthermore, when we added oxamate sodium to the BxPC-3 cells transfected with KLF4-siRNA, oxamate sodium could rescue these effects which caused by knockdown of KLF4 ( Fig. 3A and Supplementary Fig. S4 ). We confirmed these results using reverse transcription-PCR and Western blot analysis, which demonstrated that the levels of LDHA mRNA and protein expression in Ad-KLF4-transfected PANC-1 cells were significantly lower than those in control cells, whereas LDHA mRNA and protein expression was upregulated in KLF4 siRNA-transfected BxPC-3 cells (Fig. 3B) . Thus, our data clearly established that KLF4 could regulate aerobic glycolysis in and the growth of pancreatic cancer by impacting LDHA expression. KLF4 significantly inhibited tumor growth (P < 0.001), whereas knockdown KLF4 promoted tumor growth (P ¼ 0.011; Supplementary Fig. S5 ). Immunohistochemical staining of tumor xenografts indicated that LDHA expression was inhibited by KLF4 overexpression (Fig. 4A) . Conversely, we observed LDHA overexpression in xenografts after downregulation of KLF4 expression (Fig. 4B) . These results were consistent with the effect of altered KLF4 expression on glucose utilization, LDH activity, lactate concentrations in, and the growth of pancreatic cancer cells in vitro as described above, and suggested that KLF4 inhibited pancreatic cancer by downregulation of LDHA expression.
Transcriptional inhibition of LDHA expression by KLF4 in pancreatic cancer cells
Our study demonstrated a negative correlation between KLF4 and LDHA expression in pancreatic cancer cell lines. To further explore the molecular mechanisms of regulation of LDHA expression by KLF4, we first analyzed the LDHA promoter sequence for the presence of potential KLF4-binding elements by using the KLF4 consensus sequence 5 0 -CACCC-3 0 . We identified 2 putative KLF4-binding elements (referred to as DNA sequences #1 and #2) in the LDHA promoter region. According to these 2 elements, we generated an LDHA promoter (pLDHA1480) and 2 deletion mutation LDHA promoters (pLDHA1031 and pLDHA493). The pLDHA1480 contains potential KLF4-binding sites #1 and #2, pLDHA1031 contains potential KLF4-binding site #1 only, and pLDHA493 contains no potential KLF4-binding sites (Fig. 5A) . Transfection of pancreatic cancer cells with KLF4 greatly decreased the LDHA promoter activity (pLDHA1480 and pLDHA1031), whereas knockdown of KLF4 expression in the cells increased this activity. Altered KLF4 expression had no effect on LDHA promoter activity (pLDHA493). These results suggested that the KLF4-binding sites were negative regulatory elements in the LDHA promoter (Fig. 5B) .
In addition, to determine whether KLF4 interacts directly with the LDHA promoter in pancreatic cancer cells, we conducted ChIP assays using chromatins prepared from PANC-1 and BxPC-3 cells and 2 primer sets flanking the 207-bp (À471 to À265 bp; #1 site) and 306-bp (À1427 to À1122 bp; #2 site). We amplified both of these DNA fragments from PANC-1 and BxPC-3 cell precipitates using anti-KLF4 antibodies but not control IgG, suggesting that endogenous KLF4 bound to the regions of the LDHA promoter from À471 to À265 bp and from À1427 to À1122 bp in these pancreatic cancer cells. We confirmed these results by engineering overexpression of KLF4, which led to increased KLF4 recruitment to the LDHA promoter, and by knocking down KLF4 expression, which led to decreased KLF4 recruitment to the LDH promoter. The altered KLF4 recruitment was consistent with changes in LDHA promoter activity (Fig. 5C) . Collectively, these findings demonstrated that KLF4 bound to the LDHA promoter primarily at positions À371 to À367 bp and À1310 to À1306 bp and negatively regulated LDHA transcription in pancreatic cancer cells.
Discussion
In this study, we determined the critical roles of KLF4 and LDHA expression in aerobic glycolysis in pancreatic cancer cells and the underlying mechanism. We found that KLF4 transcriptionally repressed the expression of the LDHA gene, constituting a novel signaling pathway that directly impacted aerobic glycolysis, and that alterations informed the clinicopathologic features of patients with pancreatic cancer. The relative LDHA promoter activity was measured 24 hours after transfection. Statistical significance: Ã , P < 0.05; ÃÃ , P < 0.01. C, ChIP assay. Chromatins were isolated from PANC-1 and BxPC-3 cells, and binding of KLF4 to the LDHA promoter in these cells was examined using a specific anti-KLF4 antibody and oligonucleotides flanking the LDHA promoter regions containing putative KLF4-binding sites as described in the Materials and Methods. Similar ChIP assays were conducted using chromatins isolated from PANC-1, Ad-KLF4-transfected PANC-1, BxPC-3, and KLF4 siRNA-transfected BxPC-3 cells.
Aberrant expression and activity of metabolic enzymes are among the hallmarks of cancer. Advances in understanding the biology of tumor progression and metastasis have clearly highlighted the importance of aberrant tumor metabolism, which supports not only tumor cells' energy requirements but also their enormous biosynthetic needs. Such metabolic alterations modulate glucose, amino acid, and fatty acid-dependent metabolite biosynthesis and energy production. Researchers are only just beginning to understand these metabolic alterations in pancreatic cancer cells, which have vast implications for diagnosis of and therapy for this disease (22) .
In the 1920s, Warburg (5) made the striking discovery that even in the presence of ample oxygen, cancer cells prefer to metabolize glucose via glycolysis. In contrast, normal cells produce ATP mainly via mitochondrial oxidative phosphorylation. LDH catalyzes the final step of glycolysis, in which pyruvate is directly converted to lactate or vice versa. An isozyme shift toward increased LDH5 expression potentiates lactate production (23, 24) . In pancreatic cancer, it has been reported that the expression of LDHA is elevated in both clinical samples and cell lines, and forced expression of LDHA promoted the growth and tumorigenicity of pancreatic cancer cells (25) . However, the mechanism underlying LDHA overexpression in pancreatic cancer remains unclear.
Aerobic glycolysis in cancer cells has long been regarded as a phenotype acquired in response to environmental constraints such as intermittent hypoxia in premalignant lesions (6, 26) . However, this metabolic change is currently thought of as not simply an adaptation to a hypoxic environment but rather an active cellular strategy that confers a significant proliferative and malignancy advantage to cancer cells (27) . From a metabolic standpoint, cancer-related gene signaling networks may alter the energy profiles of cancer cells and enhance the production of biosynthetic intermediates, which are required for generation of the building blocks necessary for sustaining the growth and survival in unfavorable microenvironments (22) . Thus, investigation of the molecular mechanisms leading to this phenotype and their contributions to pancreatic cancer development is urgently needed (28) .
KLF4, also known as gut-enriched Kr€ uppel-like factor, is a member of the KLF family of zinc-finger transcription factors. Investigators have observed inactivation or silencing of KLF4 in cases of a number of human cancers, including gastric, colorectal, pancreatic, esophageal, lung, prostate, and hepatocellular cancer (14, 16, 17, (29) (30) (31) (32) (33) . Deletion of KLF4 in mouse models have led to the formation, abnormal differentiation, and increased proliferation of intestinal adenomas in the colon and gastric epithelia (34) (35) (36) . Also, upregulation of expression of KLF4 inhibits cell proliferation, colony formation, and cancer cell migration and invasion; promotes cell-cycle arrest; and induces apoptosis in vitro and suppresses carcinogenesis and metastasis in vivo (16, 37) . Moreover, many lines of clinical evidence demonstrate that KLF4 functions as a tumor suppressor and has potential prognostic value for lymph node metastasis (14, 32) . These observations are evidence that KLF4 has a putative tumor suppressor function for a variety of malignancies. Furthermore, KLF4 expression is increased in primary breast ductal carcinoma and oral and dermal squamous cell carcinoma cells, and functioned as an oncogenic transcription factor (38) (39) (40) . All of these results suggest that KLF4 expression plays a pivotal role in tumor development and progression. Recently, a study shows that KLF4 activates the transcription of PFKP gene and plays a role in the maintenance of high glycolytic metabolism in breast cancer cells (41) . In pancreatic cancer, KLF4 functions as a tumor suppressor, and seems to be oncogenic in breast cancer. Therefore, the regulatory roles and mechanisms of KLF4 in aerobic glycolysis in pancreatic cancer cells needs further study.
Herein we provide evidence that KLF4 expression affects aerobic glycolysis in pancreatic cancer cells. We assessed the glucose utilization, LDH activity, and lactate concentrations, which reflected aerobic glycolysis, in PANC-1 and BxPC-3 cells transfected with Ad-KLF4 and KLF4 siRNA, respectively. Restoration of KLF4 expression strongly attenuated the LDH activity and lactate concentrations in PANC-1 cells, whereas downregulation of KLF4 expression promoted them in BxPC-3 cells.
Given the important role of KLF4 in aerobic glycolysis in pancreatic tumors, we further examined the underlying mechanisms responsible for this role. We found that KLF4 regulated aerobic glycolysis in pancreatic cancer cells via transcriptional regulation of LDHA. Specifically, (i) KLF4 staining loss and LDHA overexpression in primary pancreatic tumors were highly correlated with clinicopathologic features of the patients, and their negative correlation was statistically significant and consistent in pancreatic cancer cells; (ii) overexpression of KLF4 led to decreased expression of LDHA, whereas knockdown of expression of KLF4 had the opposite effect both in vitro and in vivo; and (iii) KLF4 bound directly to the promoter regions of the LDHA gene and inactivated LDHA gene transcription. Therefore, our findings provided clinical and mechanistic evidence supporting the existence of a novel KLF4/LDHA signaling pathway and its critical contribution to aerobic glycolysis in pancreatic cancer cells.
In summary, this study provided both clinical and mechanistic evidence supporting that KLF4 regulates LDHA expression and that the KLF4/LDHA signaling pathway has a critical role in aerobic glycolysis in pancreatic cancer cells. Our study not only identified a novel molecular mechanism of this aerobic glycolysis but also identified aberrant KLF4/ LDHA signaling as a promising new molecular target for the design of novel therapeutic modalities to control pancreatic cancer development and progression.
